The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. As-synthesized single-walled carbon nanotubes (SWNTs) typically possess a range of diameters and electronic properties. This polydispersity has hindered the development of many SWNT-based technologies and encouraged the development of post-synthetic methods for sorting SWNTs by their physical and electronic structure. Herein, we demonstrate that nonionic, biocompatible block copolymers can be used to isolate semiconducting and metallic SWNTs using density gradient ultracentrifugation. Separations conducted with different Pluronic block Dispersing and Separating Carbon Nanotubes with Novel Surfactant Formulations
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The number of undergraduates funded by your agreement who graduated during this period and will receive scholarships or fellowships for further studies in science, mathematics, engineering or technology fields: The production of carbon nanotubes with controlled atomic and electronic structure has led to devices with improved performance 1-5 and functionality, 6 and enabled a more detailed understanding of the physical properties of these one-dimensional nanomaterials. [7] [8] [9] [10] While significant advances have been achieved in recent years, 11 it remains a considerable challenge to generate carbon nanotubes with controlled structure. Synthetic methods can achieve some degree of control over the distribution of nanotube chiralities 12 and electronic type; 13 however, further improvements in growth are required for optimal performance in devices. To address this issue, a number of post-synthetic methods for sorting carbon nanotubes according to their diameter, wrapping angle, and electronic type (metallic versus semiconducting) have been developed. [14] [15] [16] [17] [18] For instance, a large number of polymers and biomolecules, such as PFO, 19 single-stranded DNA, [20] [21] and flavin mononucleotide, 22 adopt SWNT-structuredependent configurations around single-walled carbon nanotubes (SWNTs), which can be exploited to enable isolation according to SWNT structure. The SWNT structural specificity of these molecules is generally attributed to their ability to self-associate and form sheath-like structures that conform with the atomic structure of a given SWNT species.
One of the most widely used methods for separating SWNTs is density gradient ultracentrifugation (DGU). 23 This technique exploits differences in the buoyant density of surfactant-encapsulated SWNTs, which translate into differences in the position of the SWNTs within a density gradient once they are subjected to high centripetal forces. Previous work 1, 6 has shown that by varying the levels of the anionic surfactants sodium cholate and sodium dodecyl sulfate, it is possible to isolate SWNTs according to their diameter and/or their electronic type with purity levels for the latter exceeding 99%.
Despite some experimental 17, [24] [25] [26] and theoretical study, 27 the surfactant-SWNT interactions that enable DGU separations, particularly those by electronic type, are not well understood. This limited understanding is due in part to the difficulty in faithfully simulating a typical DGU experiment, which involves the complex interplay between SWNTs, different mixtures of competing surfactant species, counterions, water molecules, and density gradient media. In the absence of a predictive theoretical model, efforts to improve the fidelity and yield of DGU separations will benefit from detailed experimental protocols and data that explore the vast phase space for this technique.
Herein, we present a comprehensive series of DGU electronic type separations utilizing two distinct Unlike the anionic surfactants typically employed in DGU separations, both block copolymer classes are available in a large number of different structural permutations established through independent and systematic control of their hydrophilic and hydrophobic chain lengths. Pluronic-SWNT suspensions have generated recent interest due to their biocompatibility, [28] [29] [30] [31] self-assembly, [32] [33] and amenability to theoretical modelling. [34] [35] [36] Previous studies have shown that the dispersion efficiency of a Pluronic depends strongly on the length of the PEO and PPO copolymer segments 37 and that the hydrophobic PPO chains adhere to the SWNT surface while the hydrophilic chains extend into solution. 32, 35, 37 Beyond providing an alternative, biocompatible chemistry for DGU, our results shed light on the interactions between block copolymers and SWNTs. The buoyant density of the copolymer-SWNT complex varies as a function of the diameter, wrapping angle, electronic type, and bundling of the SWNTs; the ordering and surface coverage of the copolymer on the SWNT sidewalls; and the organization of water and hydrophilic polymer regions in the outer region of the complex. Following DGU, the buoyant density of the separated SWNTs is measured directly, and the SWNT chirality distribution is determined spectroscopically. Hence, DGU provides an exquisitely sensitive platform upon which to characterize copolymer-SWNT interactions, particularly as a function of SWNT diameter and electronic type. In this paper, Pluronics and Tetronics are found to possess a differential affinity as a function of SWNT electronic type (i.e., semiconducting versus metallic). Furthermore, the yield and purity of the SWNTs following DGU varies systematically with the block copolymer structure, reaching purities greater than 99% for semiconducting SWNTs with Pluronic F68. These results show that nonionic block copolymers are a promising class of dispersion agents for DGU-based SWNT separations. In addition, the known biocompatibility of these nonionic block copolymers suggests new opportunities for monodisperse SWNTs in biotechnology applications such as biosensing, bioimaging, and drug delivery.
Results and Discussion
DGU-based separations of arc discharge grown SWNTs were performed with Pluronic block copolymers at a concentration of 1% w/v in density gradients generated using iodixanol (see Figures 2a,c present photographs of the centrifuge tubes after DGU separations using Pluronic F108 and Pluronic F68, two copolymers that differ in both their PEO and PPO chain lengths. Immediately obvious are the differences in banding in both centrifuge tubes. Whereas the separation with Pluronic F108 results in a broad brown banding region with some variations in intensity down the tube, the separation with Pluronic F68 yields two distinct reddish bands separated by over 1 cm. The separated Pluronic-SWNT bands are fractionated layer by layer and characterized using optical absorbance spectroscopy.
Using these optical absorbance measurements, the composition of the Pluronic-SWNTs are mapped as a function of their position in the centrifuge tube, and hence their buoyant density. The arc discharge synthesized SWNTs used in these experiments have diameters ranging from 1.2-1.7 nm with an average diameter of ~1.5 nm. This diameter range produces optical absorbance peaks corresponding to semiconducting second order transitions between 900-1270 nm and first order metallic transitions between 600-850 nm. As a result, the electronic type purity of the SWNTs can be determined by comparing the areas under the metallic and semiconducting absorbance peaks with respect to a reference SWNT sample with a known composition. 6 In addition, variations in the diameter distribution of the SWNTs can be determined by changes in the wavelengths of the SWNT transitions as the energies of these excitations are inversely related to the SWNT diameter.
The optical absorbance spectra obtained from the Pluronic F108 and F68 DGU separations are shown in Figures 2b,d . Both copolymers yield enriched semiconducting SWNTs in the more buoyant fractions as evidenced by strongly suppressed first order metallic transitions. In particular, the Pluronic F68 DGU separation produces fractions with semiconducting purities exceeding 99%, compared to ~90%
for Pluronic F108. Once the peak purity level is reached, the semiconducting purity decreases monotonically with increasing buoyant density until the SWNT composition is essentially identical to that of the unsorted SWNTs at 67% purity (Figure 2e ). The Pluronic F68 separation also exhibits some diameter enrichment in the most buoyant fractions; however, this effect is relatively weak, especially in comparison to DGU-based SWNT separations employing anionic surfactants 1,6,39 or DNA. 40 To better understand the source of differences in Pluronic separations, a series of DGU experiments were performed on thirteen additional Pluronic copolymers, seven of which stably encapsulated SWNTs under the ultracentrifugation conditions. Of the seven DGU-compatible Pluronics, all contain individual hydrophilic PEO chains longer than approximately 50 monomer units. This observation suggests that Pluronics with shorter hydrophilic chain lengths produce copolymer-SWNT complexes consisting of bundled SWNTs that are too dense for DGU processing or that shorter hydrophilic chains provide insufficient steric hindrance to prevent the SWNTs from rebundling during DGU. (Figure 3) . Secondly, decreasing the average number of hydrophobic PPO monomers resulted in greater semiconducting SWNT extraction efficiencies. For these experiments, the extraction efficiency is defined as the percentage of the total semiconducting SWNTs originally inserted into the density gradient that were extracted at a given semiconducting purity level after ultracentrifugation.
Consequently, smaller PPO chain lengths not only produce higher purity material but are also more efficient at capturing the sorted semiconducting SWNTs from the starting SWNT mixture. Deviations from the above trends are observed for a few of the Pluronics and likely can be attributed to differences in the ratio of hydrophilic to hydrophobic chain lengths.
This investigation of the Pluronic family also reveals that the general buoyant density-structure relationship in the Pluronic-SWNTs can be one of two types as suggested in Figures 2a,c. Pluronic F68
and Pluronic F77, the only DGU-compatible Pluronics with PPO chain lengths shorter than approximately 35 monomers, produced a relatively clear density gradient straddled by an isolated high purity semiconducting SWNT band at low buoyant density and a more heterogeneous SWNT band at high buoyant density. In contrast, DGU separations with the other Pluronics featured a high purity semiconducting SWNT region resting directly above the lower purity fractions. Interestingly, we found that lowering the concentration of Pluronic F108 during ultrasonication and the subsequent DGU separation also yields a bimodal density-structure relationship. Pluronic F108 separations at 0.3% w/v copolymer loading resulted in a maximum semiconducting purity of 94% in the isolated band, which corresponds to a 4% increase in purity compared to the 1% w/v loading separation. The increase in purity at low Pluronic concentration, however, is offset by a large decrease in extraction efficiency.
The observations above suggest that Pluronics can adopt two different configurations on the surface of the SWNTs. The single-mode buoyant density-structure relationships observed in the long PPO chain Pluronics are likely caused by a disordered arrangement of copolymer at or near the SWNT surface. In this case, the individually encapsulated SWNTs have a similar copolymer arrangement as bundled SWNTs, which cause them to have comparable buoyant densities. This effect can be seen in the optical absorbance spectra of Figure 2b . The more buoyant individually encapsulated SWNTs exhibit sharper peaks compared to the denser, bundled SWNTs whose peaks are broader and red-shifted -both spectroscopic signs of increased bundling. 41 In contrast, Pluronic-SWNT systems that exhibit bimodal density-structure relationships likely have a subset of low buoyant density SWNTs that are coated by ordered copolymer layers. Such ordered Pluronic arrangements are suggested by the high electronic type sensitivity shown by Pluronic F68, which is unlikely to be obtained without strong copolymer-SWNT interactions, and their tight buoyant density distribution compared to lower purity SWNTs. Furthermore, the variations in the buoyant density distribution as a function of Pluronic F108 concentration demonstrate that the bimodal SWNT density distribution is sensitive to the levels of free copolymer in solution. This behavior can plausibly be attributed to a large excess of copolymer at higher loadings that increases the likelihood of random initial copolymer adsorption at multiple points on the SWNTs, thus frustrating ordered copolymer assembly. c Mean molecular weight of the copolymer in Da as specified by BASF Corp.
d Individual buoyant density values correspond to the end of the high purity semiconducting SWNT region while buoyant density ranges correspond to the high purity band of bimodal SWNT density distributions Motivated by the high extraction efficiencies and purities afforded by Pluronic copolymers, a series of DGU separations were performed using Tetronic encapsulated SWNTs. Tetronics were selected for study as each half of the X-shaped copolymer structurally resembles Pluronic with tertiary amine bridging elements as the only notable difference. In these copolymers, the hydrophobic PPO groups occupy the center of the surfactant while the hydrophilic PEO chains extend outwards. Despite previous studies of star polymers [42] [43] and the wide use of Pluronics, 30, [32] [33] [34] [35] Tetronic-SWNT dispersions have to our knowledge not been reported previously. Accordingly, SWNT extraction efficiencies were first determined for a series of Tetronics with varying PEO and PPO chain lengths. In agreement with previous Pluronic studies, 37 the SWNT dispersion efficiency of Tetronics depends strongly on PEO length (Figure 4a ). chains longer than an average of 15 monomers show SWNT dispersion efficiencies near or above the level of the widely used anionic surfactant sodium dodecyl sulfate. Table 2 ). The maximum purity appears weakly dependent on the Tetronic copolymer size, since both of the Tetronics with the smallest molecular weight achieved greater than 65% pure metallic SWNT fractions while the second smallest Tetronic yielded metallic purities of up to 74%. Sorting efficiency at low purity (50%) directly relates to the PEO chain length. Unlike Pluronics, no isolated metallic bands were observed in the Tetronic density gradients after ultracentrifugation. All metallic SWNT enriched regions were located directly above fractions that contain unsorted material and SWNT bundles. c Mean molecular weight of the copolymer in Da as specified by BASF Corp.
d Individual buoyant density values correspond to the end of the high purity metallic SWNT region.
Additional Pluronic and Tetronic separations were performed using smaller diameter CoMoCAT (~0.8 nm average diameter) and HiPco (~1.0 nm average diameter) SWNTs. Of these, only a HiPco separation in Pluronic F68 showed any degree of enrichment with a modest increase in semiconducting SWNT purity levels. Insight into the origin of this diameter dependence in the copolymer-SWNT interactions can be gained from theoretical calculations. In particular, recent coarse grain Monte Carlo simulations of hard sphere chains confined to a cylindrical surface predicts wrapping conformations that strongly depend on cylinder radii. [44] [45] [46] These results indicate that PPO chains may not adsorb strongly to small diameter SWNTs due to the high energetic and entropic costs for wrapping their sharply curved surfaces.
Finally, atomic force microscopy (AFM) was used to investigate the length distributions of the copolymer sorted SWNTs ( Figure 5 ). Greater than 99% purity semiconducting Pluronic-SWNTs had an average length of 920 nm while 74% metallic purity Tetronic-SWNTs were on average 680 nm long.
Both classes of sorted SWNTs are sufficiently long for incorporation into SWNT network electronic devices with reasonable performance. 2, 6 Regarding the observed ~25% difference in length between semiconducting Pluronic-SWNTs and metallic Tetronic-SWNTs, it should be noted that similar length differences are observed following electronic type DGU separations using anionic surfactants. 1 The greater polarizability of metallic SWNTs increases the van der Waals forces experienced by metallic SWNTs in bundled form and thereby leads to relatively shorter metallic SWNTs being freed from bundles during the ultrasonication that precedes DGU separations.
Overall, electronic type sorting of SWNTs with nonionic block copolymers can be attributed to two main factors. Similar to the behavior of ionic surfactants typically employed in DGU separations, the block copolymer hydrophobic core appears to have a preferential affinity to a particular SWNT electronic type. 17 For example, PPO selectively binds to semiconducting SWNTs as evidenced by the depletion of metallic SWNTs with Pluronic F68 in the most buoyant fractions (Figure 2d) . Similarly, the affinity of Tetronic to metallic SWNTs may be attributed to its distinct hydrophobic core structure and the presence of dual tertiary amines found at the center of the hydrophobic segment. Unlike the smaller ionic surfactants, copolymer-based SWNT electronic type sorting also depends on the ability of the copolymer to form an ordered sheath around the SWNTs. While a more ordered copolymer-SWNT wrapping structure increases maximum extractible semiconducting purity when moving from 65 (F127) to 40 (F87) PPO monomer units, a wrapping structural transition between F87-F77 produces the bimodal distribution patterns observed in both F77 and F68. On the other hand, the lower maximum metallic purities achieved with Tetronic may be attributed to the inability of the X-shaped Tetronic to form a tightly packed and highly ordered conformation surrounding metallic SWNTs. While polymeric electronic type affinity and wrapping structure both influence electronic type sorting, other experimental results such as the apparent inability of commercially available Pluronics and Tetronics to sort small diameter HiPco or CoMoCAT SWNTs suggests that other parameters, such as SWNT diameter, can play a role. Fortunately, by exploiting the high degree of block copolymer tunability, further in-depth experimental studies in corroboration with theoretical modeling are likely to yield further insight into copolymer-based SWNT sorting mechanisms.
Conclusion
In summary, nonionic, biocompatible block copolymers have been employed to sort SWNTs by electronic type using DGU. Greater than 99% purity semiconducting SWNTs are isolated using the linear block copolymer Pluronic F68, while 74% purity metallic SWNTs are isolated using the Xshaped block copolymer Tetronic 1107. Systematic studies of multiple Pluronics reveal that the SWNT semiconducting purity is correlated with the Pluronic hydrophobic and hydrophilic chain lengths, with increasing purity levels obtained for shorter hydrophobic blocks. Furthermore, the successful dispersion and separation of SWNTs using a range of Tetronics illustrate that these copolymers form a promising class of relatively unexplored nanotube dispersants.
Block copolymers provide a DGU system that is amenable to theoretical modeling, and should assist in the development of more efficient carbon nanotube separation methods through simulation-driven surfactant design. Moreover, these experiments demonstrate how DGU can be utilized to investigate polymer-nanotube interactions as a function of polymer structure and nanotube diameter, electronic type, and wrapping angle. The high purity levels and biocompatibility of the SWNTs produced using nonionic block copolymers hold promise for a variety of applications ranging from electronics 2-3 to in vivo diagnostics or therapeutics. and CoMoCAT (Southwest Nanotechnologies, Inc) SWNT solutions were prepared in the identical manner.
Tetronic SWNT dispersion efficiency. Tetronic P2 SWNT solutions were dispersed in the above manner and ultracentrifuged in an SW41 Ti rotor (Beckman Coulter, Inc) for 1 hour at 41,000 rpm and a temperature of 22˚C. Following ultracentrifugation, the top 7 mL of supernatant was carefully decanted and characterized using optical absorbance spectroscopy. Tetronic dispersion efficiencies were calculated by comparing the absorption strength of the decanted SWNT dispersion to that of the ultrasonicated SWNTs prior to ultracentrifugation. In particular, dispersion efficiencies were extracted at a wavelength of 1019 nm, which corresponds to the peak absorbance intensity of the P2 SWNT second-order semiconducting optical transitions. 
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